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 Influence of Organic Acid Solution Chemistry on Subsurface Transport Properties. 1. Surface and Interfacial Tension DAVID L. LORD,* KIM F. HAYES, AVERY H. DEMOND, AND AMIR SALEHZADEH Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, Michigan 48109-2125
 
 Typically, the migration of multiple fluids in the subsurface is modeled as if it were independent of aqueous phase composition. However, solution conditions including pH, concentration of surface-active solutes, and ionic strength may impact the interfacial tension and the wettability of a system, which in turn may markedly affect subsurface transport. This study, presented in two parts, investigates the effects of solution chemistry upon surface tension, interfacial tension, wettability, and the subsurface transport property of capillary pressure versus saturation. In this part, the changes in air-water surface tension and o-xylenewater interfacial tension due to the presence of the surfaceactive solute octanoic acid were measured as a function of pH, concentration, and ionic strength. The interfacial tension depended only on the concentration and speciation of the octanoic acid and the aqueous phase, which displayed a strong dependence on pH. At the air-water interface, the neutral acid form, prevalent at low pH, was found to be more surface-active than the anionic form. However, in the two-liquid systems with fixed organic acid mass, the anionic form prevalent at high pH effected greater interfacial tension lowering because of the partitioning of the neutral form into the o-xylene.
 
 Introduction The degree of difficulty of remediating a subsurface waste site increases dramatically if a separate phase organic liquid is present (1). Although some of the organic liquid can be extracted by direct pumping, a residual remains behind that dissolves very slowly into the surrounding groundwater, making cleanup using conventional pump-and-treat technology virtually impossible. Typically, studies of the subsurface movement of an organic contaminant liquid treat the liquid as a pure compound and do not consider the impact of the properties of the surrounding groundwater (2, 3). The solution chemistry of the system, however, can play an important role in the transport of organic liquid contaminant mixtures through the subsurface. Solution conditions including pH, concentration of surface-active solutes, and ionic strength may impact properties at the phase interfaces such as the interfacial tension between adjacent fluid phases and the wettability of the solid phase. In turn, the interfacial tension and wettability markedly affect fluid transport in porous media (4-7). In fact, Morrow (8) shows how pH can * Author to whom all correspondence should be addressed. E-mail: [email protected]; phone: (313) 763-9661; fax: (313) 763-2275.
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 correlate with oil recovery, depending on the constituents of the crude oil. Despite the common practice of treating the organic liquid contaminant as a pure compound, surface-active solutes, which sorb preferentially to the interfaces of the system, are often reported in waste mixtures (9-11) or may be introduced in remediation efforts (1, 12, 13). The difference in the value of interfacial tension reported from oil extracted from a waste site of 26.6 dyn/cm (2) versus the value of about 50 dyn/cm for alkanes (14), which dominate the makeup of crude oil (15), suggests that surface-active substances may well be present in the contaminant liquid and may impact the interfacial tension significantly. Furthermore, exposure of aquifer solids to hazardous waste site liquids such as coal tar (16), crude oils (17), and synthetic gasolines (11) has been shown to alter the wettability significantly from the original water-wet state. According to modeling studies (3, 18), the magnitude of changes in interfacial properties observed in these studies is sufficient to alter the rate at which a solute front travels through the vadose zone or an organic liquid infiltrates into the surrounding sand. Realizing that the migration of a contaminant depends on the interfacial properties that are a function of the composition of the system, it becomes increasingly apparent that the relationship between solution chemistry and subsurface transport properties must be examined closely in order to predict the migration of waste mixtures accurately. In this context, Desai et al. (19) and Demond et al. (20) examined the impact of the cationic surfactant cetyltrimethylammonium bromide (CTAB) on capillary pressure-saturation relationships, constitutive relationships often used in two-phase flow modeling, for air-water-quartz and o-xylene-water-quartz systems, respectively. They found that CTAB sorbed strongly at the fluid-fluid interfaces and the solid-fluid interfaces, causing changes in both interfacial tension and contact angle with dramatic consequences for the relationship between capillary pressure and saturation. Because CTAB remained positively charged, with no change in speciation over the pH range of 6-9, it exhibited no measurable dissolution into the o-xylene phase, and the interfacial tension showed no pH dependence. At higher pH values, however, CTAB sorbed to the quartz surface to a greater extent due to an increase in charge density on the solid, altering the wettability as a result. Thus, the changes in capillary pressure-saturation relationships that occurred as a function of pH resulted from changes in the wettability of the solid surface due to CTAB sorption. Other surface-active solutes potentially found in hazardous waste mixtures, however, may have decidedly different solution and interfacial chemistry. Organic acids (9), for example, may be present in both neutral and anionic forms in aqueous solution. As a result, they generally sorb minimally to a negatively charged surface such as quartz. Yet, the aqueous and organic solubilities, surface activity, and mass distribution of organic acids show a strong dependence upon pH (21). Thus, changes in capillary pressure-saturation relationships that might result from the presence of organic acids will occur through very different mechanisms than with cationic surfactants. The purpose of this study is to examine the relationship between solution chemistry and capillary pressure-saturation relationships in a system in which a surface-active compound sorbs minimally to the solid surface, but whose speciation and partitioning depend on solution conditions. The investigation is divided into two parts. Part 1 focuses on the speciation and partitioning behavior of the organic acid, octanoic acid, and its impact on surface tension and interfacial
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 tension in one- and two-liquid phase systems. Part 2 then relates the observed changes in interfacial properties to changes in capillary pressure-saturation relationships.
 
 Background To define the impact of solution conditions on the subsurface transport properties of organic contaminants, it is necessary to first establish their impact on the air-water surface tension and organic liquid-water interfacial tension. Such properties often show a particular sensitivity to pH in the presence of organic acids because the speciation of organic acids is strongly dependent upon pH. Sharp decreases as well as distinct minima in surface and interfacial tensions have been observed (22-28) in many air-water and oil-water systems containing organic acid surfactants. In particular, the surface tension of the aqueous phase extracted from two-liquid phase samples was found to correlate well with the interfacial tension between the organic liquid and aqueous phase, implying that the aqueous phase concentration of the organic acid may be the operative variable controlling the interfacial tension in such systems (26-28). Therefore, an understanding of the aqueous speciation chemistry of organic acids is critical to developing insight into the surface activity observed in such systems. Speciation and Surface Activity of Organic Acids. The speciation of organic acids in aqueous solutions has been the subject of numerous studies (29-32). To develop the necessary basis for discussing the results presented in this study, a brief overview is provided here. Organic acids take two primary forms in aqueous solution: the protonated neutral acid form (HA) and the deprotonated conjugate base form (A-). The aqueous concentrations of each may be calculated directly from the acid-base dissociation reaction:
 
 HA ) H+ + A-
 
 Ka
 
 (1)
 
 where Ka is the acidity constant, and the mass balance is
 
 (MA)T ) (HA) + (A-) +
 
 ∑∑n(M m
 
 m-n
 
 mAn
 
 )
 
 (2)
 
 n
 
 where ( ) is the concentration in aqueous solution, M is a monovalent inorganic cation including H+, the subscript T denotes the total amount present in solution, and the summations are taken over all possible integer values m and n where the superscript m - n denotes the net electrostatic charge on the species. The mass balance expressed in eq 2 explicitly acknowledges the presence of the neutral acid (HA) and anion (A-) monomers. Ion-pair species (M+A-) and multimer complexes (MmAnm-n) are considered in the summation. Excluded, however, from the summation over m and n are the acid and base monomers already explicitly acknowledged. The formation of ion pairs may result from the association of anions with counterions such as Na+ in solution. Organic acids have also been reported to form anion-anion dimers and neutral acid-anion complexes (33), referred to as multimer complexes in this study. The contributions of ion pairs and multimer complexes to the mass balance or organic acid, however, are likely to be negligible due to low association constants. Conversely, their contribution to the surface activity of such systems may indeed be significant. In aqueous solution, the surface activity of a given organic acid is governed by the relative hydrophilicity of the various species present. Since each of the species has the same alkyl group (e.g., octyl in the case of octanoic acid and octanoate), the differences in surface activity result from the nature of the carboxylic head group, which in general is protonated at pH values lower than the pKa of the organic acid and deprotonated at pH values higher than the pKa. The reduction
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 in surface or interfacial tension resulting from an accumulation of surface-active molecules at the phase interfaces may be represented quantitatively by the Gibbs sorption equation (34):
 
 (∑
 
 -dγ ) RT
 
 Γi d ln(ai)
 
 i
 
 )
 
 (3)
 
 where γ is the interfacial tension, R is the universal gas constant, T is the absolute temperature, Γi is the surface excess of species i, and ai is the activity of species i, which is equal to the bulk phase concentration in dilute systems. For organic acid systems, eqs 1 and 2 may be substituted into eq 3 to yield
 
 {
 
 -dγ ) RT Γ1 d ln(HA) + Γ2 d ln(A-) +
 
 ∑∑Γ m
 
 m,n
 
 }
 
 d ln(MmAnm-n)
 
 n
 
 (4)
 
 where subscript 1 denotes the neutral acid species, subscript 2 denotes the anion species, and the summations over the integers m and n include the ion-pair and multimer complex species, excluding the neutral acid and anion monomers already considered. Equation 4 illustrates the potential impact of solution speciation upon the surface or interfacial tension of the organic acid system: increases in bulk concentrations of the designated species (e.g., HA, A-) will effect a lowering of surface tension proportional to the surface excess characteristic of that species at the fluid-fluid interface. Also, surface activity of the anionic form of organic acids present at high pH may be influenced by the presence of counterions in solution. As Lucassen-Reynders (35) has shown, counterions may enhance the anion’s surface activity, resulting in a lowering of surface tension. The possibility of such behavior is accounted for in the third term of eq 4. Distribution and Interfacial Activity of Organic Acids in Organic Liquid-Water Systems. When an aqueous solution of organic acid is in contact with an immiscible organic liquid, the acid form of the molecule will readily dissolve into the organic liquid, distributing itself between the two liquid solvents. The ratio of the concentration of neutral acid in the organic liquid phase to the concentration of neutral acid and anion species remaining in the aqueous phase may be expressed as the distribution ratio D, which is strongly pH dependent (21, 36):
 
 D)
 
 (HA)o
 
 (5)
 
 (HA) + (A-)
 
 where ( )o is the concentration of species in the organic liquid phase. The partitioning of other species may also be considered, such as neutral acid dimers, ((HA)2)o and ionpair species whose presence has been observed in previous studies of the distribution of organic acids in organic liquidwater systems (33, 36, 37). The low dimerization constants for fatty acids in heptane reported by Mukerjee (33), however, suggest that the organic liquid-phase concentration of dimerized species will be small relative to that of the monomeric form. In a similar manner to eq 2, a mass balance for total organic acid in a two-liquid system may be written:
 
 (MA)T )
 
 Vo
 
 (HA)o + (HA) + (A-) + Vw
 
 ∑∑n(M m
 
 n
 
 m-n
 
 mAn
 
 ) (6)
 
 where (MA)T is the total mass of organic acid in the system normalized by the volume of water, and Vo and Vw are the volumes of organic liquid phase and aqueous phase, respectively. The concentrations (HA), (A-), and (HA)o at equilibrium may then be calculated by substituting the acid-base
 
 dissociation relationship, given by eq 1, and D, given by eq 5, into eq 6. In a manner similar to the air-water system, the masses of ion-pair and multimer species designated by the fourth term in eq 6 were neglected in mass balance calculations due to low association constants. When considering interfacial activity, partitioning results in two potentially important effects that are not relevant in the air-water system: the sorption of organic acid to the organic liquid-water interface from the organic liquid side and the depletion of organic acid from the aqueous phase. The neutral acid form of the organic acid, likely to partition into the organic liquid phase, may sorb to the organic liquidwater interface from the organic liquid, causing an increase in surface excess, Γ1, and therefore a larger magnitude, -dγ (eq 4). Additionally, in a closed system with finite mass of organic acid, the partitioning of the organic acid into the organic liquid phase will lower the aqueous phase concentrations, (HA) and (A-), with consequent smaller magnitude, -dγ. Hence, these effects may present additional mechanisms by which the interfacial tension might be impacted in two-liquid systems.
 
 Experimental Materials and Methods Materials. To study the relationship between solution chemistry and interfacial properties in contaminant mixtures, representative systems were selected based on information presented in Riley and Zachara (9). The systems were comprised of two immiscible fluid phases, air and water in the first set of experiments and o-xylene and water in the second set of experiments. o-Xylene is an aromatic hydrocarbon and a natural component of fossil fuels that has been identified at a number of hazardous waste sites (9). The organic acid in all systems was octanoic acid (C7H15COOH), a straight chain carboxylic acid. Organic acids may exist naturally in petroleum products (10) and have also been identified at hazardous waste sites (9). Ultrapure water was used to prepare all aqueous solutions and was obtained by passing deionized, distilled water through Milli-Q cartridge filters (Millipore, Bedford, MA). Octanoic acid (99.5+% purity) and its sodium salt (C7H15COONa) (99% purity) were used without further purification (Aldrich, Milwaukee, WI). o-Xylene (>99% purity) (Fluka Chemical/BioChemika, Hauppage, NY) was also used as received. The solvents used for cleaning, hexane, methanol, and acetone, were HPLC grade (Mallinckrodt, Paris, KY). The agents used to control solution conditions, NaOH and HCl for pH and NaCl for ionic strength, were all analytical reagent grade (Mallinckrodt, Paris, KY). Methods. To examine the relationship between solution chemistry and interfacial tension, a number of different measurements were made. In the air-water-octanoic acid systems, the surface tension of the octanoic acid solutions was measured. In the o-xylene-water-octanoic acid systems, the surface tensions of both the aqueous phase and the organic liquid phase were measured. In addition, the interfacial tension between the liquid phases was measured as well as the concentration of the total acid in both the organic liquid and water. All measurements and sample preparations were conducted at room temperature, 23 ( 2 °C. Air-Water System: Surface Tension Measurements. The Du Nouy ring tensiometer (Model K8, Kruss, Hamburg, Germany) was used to measure the surface tension in all of the air-water experiments. The surface tension of water was measured as a function of sodium octanoate concentration while the total sodium counterion concentration was held constant at 0.5 M. Concentration series were prepared at three pH values: (1) pH ) 3 to examine the surface activity of the organic acid primarily in the acid form, (2) pH ) 6.5 to examine the surface activity with both neutral acid and anion species present, and (3) pH ) 10 to examine the surface activity of the organic acid primarily in the octanoate form.
 
 Total aqueous octanoic acid concentration was varied from 10-5 M to the solubility limits at pH ) 3 (0.01 M) and pH ) 6.5 (0.1 M), while the concentration was increased to approximately twice the critical micelle concentration (cmc) (38, 30) at pH ) 10 (0.4 M). In addition to the concentration series, two titrations were conducted at fixed organic acid concentrations to examine the effects of incremental pH changes upon surface activity. Particular attention was paid to the cleanliness of all glassware that came in contact with the samples to ensure reproducible results. All beakers, vials, and sample tubes were rinsed with tap water, washed with Liqui-Nox detergent (Alconox, Inc., New York, NY), rinsed with deionized water, soaked overnight in Micro (International Products, Trenton, NJ) cleaning solution (1 part Micro to 100 parts deionized water on a volume-to-volume basis), rinsed copiously with deionized water once again, rinsed with Milli-Q, rinsed twice with methanol, rinsed twice more with Milli-Q, and air-dried. Samples were prepared in 50-mL volumes by adding NaCl and sodium octanoate salts to Milli-Q water to achieve the desired solute concentration conditions. pH was measured immediately prior to each ring tensiometer measurement using an Orion 8103 Ross Combination pH probe (Fisher, Pittsburgh, PA) and adjusted with small amounts of HCl or NaOH if necessary. Aqueous octanoic acid species concentrations were calculated using eqs 1 and 2, using the measured values of pH and the (MA)T determined from the mass of sodium octanoate salt added during sample preparation. The acidity constant, Ka, for octanoic acid was taken to be 10-4.8 (39), and the Davies equation (32) was used to correct Ka for ionic strength. o-Xylene-Water System: Surface and Interfacial Tension Measurements. The Axisymmetric Drop Shape Analysis (ADSA) technique (40) was used to measure the surface tension of the aqueous and organic liquid components of the two-liquid samples as well as the interfacial tension between the two liquid phases. Techniques used here were modeled after those used in Demond et al. (20). The interfacial tension between water and xylene was measured as a function of surfactant concentration while the total aqueous sodium counterion concentration was held constant at 0.5 M and the volume ratio was fixed at 1 part o-xylene to 5 parts water. In a manner similar to the surface tension measurements, three pH conditions were examined: (1) pH ) 2.9 ( 0.2, (2) pH ) 6.5 ( 0.2, and (3) pH ) 8.6 ( 0.2. In addition to the concentration series, a titration was conducted over the pH range of 3-9 at a fixed organic acid concentration. Two-phase samples were prepared from o-xylene and Milli-Q water that were mutually saturated by letting the liquids stand in contact with one another for at least 1 week prior to the addition of any solutes. The samples were prepared in 25-mL glass culture tubes with Teflon-lined screw caps (Fisher Scientific, Pittsburgh, PA). The samples were sealed and rocked gently on a LabQuake shaker (Model 110, Labindustries, Berkeley, CA) and then allowed to sit undisturbed at room temperature for 7 days prior to measuring for interfacial tension. pH was measured several hours prior to the ADSA measurements. Similar to the surface tension experiments, laboratory apparatus used in the ADSA interfacial tension measurements were cleaned using a strict protocol outlined in Demond et al. (20). o-Xylene-Water System: Distribution Measurements. The distribution of octanoic acid between water and o-xylene was measured as a function of pH. Sample preparation was identical to that described for the interfacial tension studies, with the few exceptions noted below. Octanoic acid was added only as a liquid to the o-xylene. All samples contained a total octanoic acid concentration of (MA)T ) 0.004 M. The pH of the aqueous phase was adjusted with small amounts of HCl or NaOH. While the organic acid speciation reacted
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 FIGURE 1. Surface tension of aqueous solutions of octanoic acid at three pH values: pH ) 3, pH ) 6.5, and pH ) 10. Error bars are of the same order as the symbol size and represent 95% confidence intervals for the surface tension measurements. nearly instantaneously to the addition of HCl or NaOH, the partitioning was observed to require at least 1 week for equilibration. The concentrations of octanoic acid present in both the aqueous and organic liquid phases were measured independently by first sampling the organic liquid phase for octanoic acid concentration and then performing an extraction of the remaining octanoic acid from the aqueous sample into fresh xylene. In the first sampling step, about 1 mL of xylene was drawn from the two-phase mixtures and analyzed for octanoic acid concentration on an HP 5890A gas chromatograph (Hewlett Packard, Novi, MI) outfitted with a DBFFAP fatty acid column (Model 125-3232, J&W Scientific, Folsom, CA). Next, to measure the concentration of octanoic acid in the aqueous phase, known volumes of the remaining aqueous phase and fresh o-xylene were mixed in a new reactor tube. Several drops of HCl were added to drive the pH below 3 to facilitate the extraction. The xylene phase was then analyzed once again for octanoic acid concentration using the gas chromatograph to determine the total concentration of aqueous phase octanoic acid species at the original equilibrium pH. The distribution coefficient, D (eq 5), was determined directly from the results of the two sampling steps on the gas chromatograph. Assuming that only neutral acid monomers were present in the o-xylene, the concentration of octanoic acid measured in the first sampling step was equated with (HA)o. Further assuming that the neutral acid and anion forms were the dominant species present in the aqueous phase, the total concentration of aqueous phase octanoic acid species measured in the second sampling was equated with (HA) + (A-). With the functional relationship between pH and D thus defined, the individual concentrations (HA)o, (HA), and (A-) could then be calculated using eqs 1, 5, and 6 for new solutions, given that (MA)T, Vo, Vw, and pH were known.
 
 Results and Discussion Air-Water System: Surface Tension Measurements. The results depicted in Figure 1 shows that the surface tension (and consequently the capillary pressure) of the air-wateroctanoic acid system is dependent on both octanoic acid concentration and pH. The surface tension at pH ) 3 decreased continually with increases in total surfactant concentration until the solubility of the acid form was reached. Similar behavior was observed at pH ) 6.5. In contrast, the surface tension at pH ) 10 reached a minimum near (MA)T ) 0.3 M and then leveled off with increasing concentration, suggesting the onset of micellization. This concentration compares favorably to literature values of 0.4 M for the cmc
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 FIGURE 2. Surface tension of aqueous solutions of octanoic acid over pH range from 3 to 10. Total octanoic acid concentration was fixed at (MA)T ) 0.001 M and 0.003 M. Error bars are of the same order as the symbol size and represent 95% confidence intervals for the surface tension measurements. of the octanoate anion (30, 38). For comparable total aqueous octanoic acid concentrations, the surface tensions measured at pH ) 3 were lower than those measured at pH ) 6.5 and pH ) 10, indicating that the acid form of the molecule (HA) with a surface excess designated by Γ1 in the Gibbs equation (eq 4) was more surface-active at the air-water interface than the octanoate form (A-), with a surface excess designated by Γ2. At organic acid concentrations higher than 0.003 M, the surface tensions measured at pH ) 6.5 fell 10-20 mN/m below those measured at pH ) 10. Hence, the presence of a small proportion of neutral acid at pH ) 6.5 was sufficient to lower the surface tension noticeably compared to the solutions at pH ) 10. The effects of pH upon the surface activity of aqueous octanoic acid were observed even more explicitly by holding the concentrations of organic acid and counterion fixed while varying the pH (Figure 2). At both octanoic acid concentrations tested, (MA)T ) 0.001 M and (MA)T ) 0.003 M, the surface tension dropped significantly as the pH was lowered from 10 to 3, with the drop noticeably larger at (MA)T ) 0.003 M. This result is counter to the data shown by Somasundaran and Ananthapadmanabhan (24), where the surface tensions were effectively equal at pH ) 4 and pH ) 12. These dissimilar results may be attributable to the considerably longer C18 alkyl group present in the oleic acid used by Somasundaran and Ananthapadmanabhan, as opposed to the C8 alkyl group present in octanoic acid used in this study. It is conceivable that the hydrophobic character of the C18 alkyl group in oleic acid may dominate its behavior, resulting in little visible difference in surface activity between the neutral acid and anionic forms of the molecule. Moreover, here the maximum and minimum surface tensions over the interval occurred at the end points of the titration. In Somasundaran and Ananthapadmanabhan’s study (24), however, the minimum surface tension occurred near pH ) 8. They attributed this phenomenon to the formation of additional surface-active species other than the acid and anionic forms. Based on modeling results, they hypothesized that this minimum in surface tension resulted from a 1:1 complex consisting of the neutral oleic acid molecule and its anionic conjugate, which reached a maximum concentration around pH ) 8. Because a similar trend was not observed in the data presented here, it appears that the ion-pair and multimer complex species included in eq 2 did not noticeably contribute to the surface activity of the octanoic acid in the air-water system. Thus, the third term in eq 4, representing the surface activity of additional species, was thought to be negligible under the conditions examined here.
 
 TABLE 1. Surface Tension of Aqueous Solutions of Octanoic Acid as a Function of Sodium Counterion Concentrationa (Na+) (mol/L)
 
 a
 
 γ (mN/m)
 
 95% CI (( mN/m)
 
 0.001 0.050 0.100 0.200 0.300 0.400 0.500
 
 pH ) 3, (MA)T ) 0.001 M 51.1 50.0 49.3 49.0 48.2 47.5 50.0
 
 1.5 1.5 1.5 1.5 1.5 1.5 1.5
 
 0.010 0.030 0.100 0.300 0.500
 
 pH ) 10, (MA)T ) 0.01 M 69.1 69.2 68.8 64.4 64.8
 
 1.1 1.1 1.1 1.1 1.1
 
 γ denotes surface tension; 95% CI denotes 95% confidence interval.
 
 FIGURE 4. Interfacial tension (IT) between o-xylene and water as a function of total octanoic acid concentration, normalized by the volume of aqueous phase at three pH values: pH ) 3, pH ) 6.5, and pH ) 8.6. Also shown is surface tension (ST) of the aqueous phase from the systems at pH ) 8.6. Error bars are of the same order as the symbol size and represent 95% confidence intervals for both the surface and interfacial tension measurements.
 
 TABLE 2. Surface Tension of o-Xylene as a Function of Octanoic Acid Concentrationa
 
 a
 
 FIGURE 3. Distribution coefficient (D) as a function of pH. Total octanoic acid concentration was fixed at (MA)T ) 0.004 M. Air-Water System: Counterion Effects on Surface Tension. The presence of varying concentrations of sodium counterions in the air-water-octanoic acid system appeared to have little impact on the measured surface tension (Table 1). At pH ) 3, a slight decline from γ ) 51.1 ( 1.5 to γ ) 47.5 ( 1.5 mN/m was observed. Little or no effect was expected as the dominant surface-active species was the neutral acid, which is not likely to associate with counterions to form an ion-pair. A decline of similar magnitude from γ ) 69.1 ( 1.1 to γ ) 64.8 ( 1.1 mN/m was observed at pH ) 10. According to eq 4, an increase in sodium counterion concentration would result in an increase in the activity of the ion-pair species, which should in turn decrease the measured surface tension. It was hypothesized, however, that the range of 0.01-0.50 M over which the counterion concentration was varied was too narrow to see a marked effect. In summary, the speciation and consequent surface activity of octanoic acid in the air-water system exhibited a particular sensitivity to pH, but not to the sodium counterion concentration. The protonated neutral acid form, present at pH conditions near or below the pKa of 4.8, dominated the surface-activity of the system, except under conditions of combined high pH and high octanoic acid concentration where the contribution of the deprotonated conjugate base became significant. o-Xylene-Water System: Distribution Measurements. The measured distribution coefficients for a fixed total concentration of octanoic acid in the o-xylene-water system are plotted as a function of pH in Figure 3. At pH values below 4.8, the pKa of octanoic acid, the equilibrium concentration of neutral acid in o-xylene, (HA)o, was at least 2
 
 (HA)o (mol/L)
 
 γ (mN/m)
 
 95% CI (( mN/m)
 
 0.0000 0.0005 0.0025 0.0100 0.0500 0.5000
 
 29.2 29.8 29.1 29.3 29.0 29.0
 
 0.3 0.3 0.3 0.3 0.3 0.3
 
 γ denotes surface tension.
 
 orders of magnitude higher than the concentration of octanoic acid species, (HA) and (A-), in the aqueous phase. At incrementally higher pH values, a larger proportion of the total octanoate in the system existed in the anionic form, which was significantly more hydrophilic. This trend was reflected in the decrease in concentration of octanoic acid in the o-xylene phase and the subsequent increase in concentration in the aqueous phase. Near pH ) 6.5, the concentrations of octanoic acid in both the o-xylene and the water phases were approximately equal, and above pH ) 6.5, most of the octanoic acid existed in the aqueous phase. o-Xylene-Water System: Surface and Interfacial Tension Measurements. Figure 4 illustrates the dependence of the interfacial tension between o-xylene and water on both pH and the total octanoic acid, (MA)T, initially added to the aqueous phase. Above a total octanoic acid concentration of 0.01 M, the interfacial tensions measured at high and neutral pH were consistently lower than those measured at low pH at the same concentrations. The interfacial tension was relatively constant at (MA)T greater than 0.3 M, suggestive of a cmc, which corresponds well with the cmc observed in the air-water system (Figure 1). Also plotted in Figure 4 are the surface tensions of the aqueous phase from the two-liquid samples at pH ) 8.6. This figure shows that the aqueous phase surface tension decreases in parallel with the interfacial tension. In contrast, the surface tension of o-xylene equilibrated with Milli-Q water showed no dependence upon octanoic acid concentration, with the values measured here (Table 2) remaining close to 29.76 mN/M reported by Jasper (41) for the surface tension of o-xylene. Collectively, these observations suggest that the aqueous concentration of organic acid may be the operative variable governing the interfacial tension in the o-xylene-water-octanoic acid system.
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 FIGURE 5. Interfacial tension between o-xylene and water as a function of pH at a fixed total octanoic acid concentration of (MA)T ) 0.1 M. Error bars are of the same order as the symbol size and represent 95% confidence intervals for the interfacial tension measurements.
 
 TABLE 3. Interfacial Tension between o-Xylene and Water as a Function of Sodium Counterion Concentrationa
 
 a
 
 (Na+) (mol/L)
 
 γ (mN/m)
 
 95% CI (( mN/m)
 
 0.000 0.010 0.050 0.100 0.500
 
 35.7 35.2 35.6 33.5 32.5
 
 1.9 2.4 2.4 2.4 1.3
 
 γ denotes interfacial tension.
 
 Figure 5 shows the interfacial tensions for a series of samples in which pH was varied from 3 to 9, while the total octanoic acid and sodium counterion concentrations were held constant at 0.10 and 0.50 M, respectively. A local minimum in interfacial tension was observed near pH ) 7, the region where the distribution coefficient is near unity, a phenomenon also observed by Rudin and Wasan (26-28) in a decane-water-oleic acid system. This functionality between interfacial tension and pH suggests the presence of other surface-active species in addition to the neutral acid and anionic forms, such as ion-pairs or multimer complexes. These species may, in turn, contribute to the interfacial tension lowering by surface accumulation (Γm,n) according to eq 4, becoming particularly important at peak concentrations near neutral pH. o-Xylene-Water System: Counterion Effects on Interfacial Tension. The addition of sodium chloride to a mixture of mutually saturated pure water and stock o-xylene resulted in a slight interfacial tension lowering, completely independent of the presence of octanoic acid (Table 3). The interfacial tension measured between pure water and o-xylene was 35.7 ( 2.6 mN/m, which compares favorably with the value of 37.2 mN/m reported by Donahue and Bartell (42). As the sodium chloride concentration in the water was increased to 0.5 M, however, the interfacial tension decreased to 32.5 2.2 mN/m, constituting a 9% reduction. This behavior implies that high aqueous concentrations of NaCl (>0.05 M) may slightly enhance the interfacial activity of impurities existing in the two-liquid system, a phenomenon reported by Gaonkar (43). It is also possible that the NaCl itself contained an impurity that contributed to the lowering of the interfacial tension of the system. In summary, the aqueous speciation of octanoic acid and its consequent surface activity in an o-xylene-water system exhibited a strong dependence upon pH. The neutral acid distributed itself between the aqueous and organic liquid phases such that at pH < 6.5 most of the octanoic acid
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 partitioned into the o-xylene phase, while at pH > 6.5, most of the octanoic acid remained in the aqueous phase. Because the neutral acid species showed a high affinity for partitioning into the o-xylene phase, where its surface activity was minimal, its utility as a surfactant in the o-xylene-water system was greatly reduced relative to the anionic form. Hence, the impact of octanoic acid on the interfacial tension increased with pH. Implications of Findings. Based on modeling simulations shown by Smith and Gillham (18) and Demond et al. (3), the variations of surface and interfacial tension with pH shown here are of sufficient magnitude that the rate of advance of a solute or organic liquid front would be markedly affected. Depending on whether the phases of interest are air-water or organic liquid-water, pH would have a different impact on the rate of advance of the contaminant front. In an airwater system containing low molecular weight organic acids, the maximum reduction of the surface tension and, hence, rate of advance is achieved at low pH. On the other hand, the maximum reduction of the interfacial tension and rate of advance of an organic liquid front is achieved at neutral or high pH. In a system with fixed organic acid mass, the degree to which the organic acid may partition into a neighboring separate organic liquid phase must be considered in determining the impact of pH.
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